Biomolecules have the advantage of high performance parallel computing and large information capacity. The use of biochemical circuits to solve computational problems has been studied by many researchers. In this paper, we use DNA strand displacement technology to construct complex molecular circuits as logic gates. The experimental process is demonstrated by a series of strand displacement reactions, and the feasibility of the design is verified by the strand displacement simulation platform Visual DSD. The key feature of this logic gate design is that when two inputs of the same signal are controlled, the remaining two different input signals implement AND and OR function to determine the output. Based on this feature, a four-input multi-layer logic circuit is designed and implemented. The calculation mode of the other three inputs AND and OR combinations is implemented by controlling each logic gate input.
I. INTRODUCTION
DNA is an excellent engineering material for biochemical circuits [1] , [2] . DNA is an ideal candidate for molecular programming that facilitates both in vivo and in vitro applications because of its biological and physical properties [3] - [5] . The behavior of DNA molecules with particular sequences can be reliably predicted according to the Watson−Crick base pairing principle [6] . In 1994, Adleman proposed the use of DNA sequences for the NP completeness problem in a graph theory [7] . This research has attracted widespread attention from scientists in mathematics, physics, chemistry, and biology, and has opened up a new era in DNA computing [8] - [10] . DNA molecules have the characteristics of large storage capacity and high parallel processing power [11] . It completely overcomes the two serious shortcomings of small computer storage and slow operation speed. In recent years, the demand for large data computing and storage has been increasing. Bioinformatics computing is becoming more and more popular. DNA calculation is a new type of The associate editor coordinating the review of this manuscript and approving it for publication was Cihun-Siyong Gong . molecular biological calculation method based on DNA and its related biological enzymes as the most basic raw materials based on some biochemical reaction principles, usually implemented in solution [12] - [14] . The main process is using a specific DNA strand as an input signal, biochemical reactions in the test tube solution and sufficient time to achieve specific calculation functions. DNA strand displacement is a dynamic DNA nanotechnology [15] - [17] developed on the basis of DNA self-assembly technology [18] - [20] . This technology has the characteristics of self-initiation, sensitivity and accuracy. DNA strand displacement cascade [21] - [23] reaction realizes the dynamic connection between adjacent logic modules, which makes it possible for researchers to construct large-scale complex logic circuits [24] , [25] at nanoscale. It gets important research significance in the fields of building logic gate operation model, biochemical logic circuit and neural network, DNA nano robot, DNA reflection network [26] - [28] .
A central, including square DNA strand with three unique domains between which are identical joint sequences, is designed in this paper. Parts of the different domains and joints are protected by a complementary ssDNA that displays a small fulcrum for later displacement with the appropriate input. When there exist any two different signal, the protection domain is fully exposed and the corresponding output will be generated. Compare with the traditional complex logic circuit [29] , this design presents four kinds output results in the form of computing mode. The design of four-input in multi-layer logic circuit makes the calculations more efficient and accurate [30] .
In this paper, a four-input logic gate was constructed based on the basic principle of DNA strand displacement reaction. The function of this logic gate is that the logic gate will produce an output signal when more than two different input signals appear. Based on this, a seven-input calculation circuit is constructed, which is realized by connecting the two four-input logic gate. By controlling the input signals of the circuit, different input combinations can be obtained through four different calculation modes. In this work, we realized the construction of four-input majority logic gates, the design of complex logic circuits, the conversion of dual-track circuits and biochemical circuits [31] , [32] . The simulation software DSD is used to simulate and verify the reliability of the design.
II. THE MECHANISM OF STRAND COMPOUND DISPLACEMENT
The design of the four-input logic gate architecture is shown in Fig. 1 : three different single-strands are used to represent the four input signals (a), where A and B are two long strands of the same signal, C and D are two short strands of different signals. We implement this logic gate (b) with a circular DNA strand composed of three different double-stranded fragments. The inner ring is connected head-tail with three different input signal strands.
Any one of the input single strands can be base-paired with the square-like loop and replace a single strand at the periphery of the circular double strand. When at least two different single-strand inputs pass through the branch migration reaction, the reaction recognition domains S1-S2 will be completely exposed. At this time, the fluorescently labeled DNA double strand undergoes a displacement reaction with the recognition domain S1-S2, and an output signal with a fluorescent label is released. When there is only one single strand inputting, the branch migration identification fields S1-S2 are not fully exposed and therefore do not produce an output signal. Fig. 2 shows the inference process of the strand displacement reaction for the input signals A and C.
The four-input logic gate truth table is shown in Table 1 . When A and B do not have any signal input, the other two inputs will implement the AND operation. When A and B have any signal input, the other two inputs will implement the OR operation. Based on this feature, a more complex two-layer computing circuit is established (Fig. 3 ). The first layer is used as the X door, and the second layer is used as the Y door. This two-layer logic circuit has seven inputs and the output of the first layer acts as an input to the second VOLUME 8, 2020 layer. The output of the second layer represents the output of the entire two-layer circuit. By controlling the preset input signal, the logical combination of the remaining three inputs is realized. Table 2 is computing patterns of the multifunctional circuit. There are four calculation modes in total. The first calculation mode, when both the first layer input signal and the second layer input signal are 00, the calculation mode of the remaining input signals is X3 · X4 · Y3. The second calculation mode, when the first layer input signal is 00 and the second layer input signal is 01 or 10 or 11, the calculation mode of the remaining input signals is X3 · X4 + Y3. The third calculation mode, when the first layer input signal is 01 or 10 or 11, and the second layer input signal is 00, the calculation mode of the remaining input signals is (X3 + X4) · Y3. The fourth calculation mode, when the first layer input and the second layer input are both 01 or 10 or 11, the calculation mode of the remaining input signals is X3 + X4 + Y3. Four different calculation modes of the circuit can be switched by controlling each logic gate input. These four logical calculation modes represent all combinations of OR and AND functions between the remaining three inputs.
Based on the design of four-input logic gate in Fig. 2 that we designed a two-layer logic circuit. The basics of the twolayer logic circuit design are the same. Both are square-like strands composed of three different DNA double-stranded fragments as logic gates. Its strand displacement implementation process is: when there are at least two different single-strand signals input to the X-gate, the X-gate recognition domain S1-M3-S2-T3 will be completely exposed after the DNA strand displacement reaction (Fig. 4a ). Then the recognition domain of X-gate will react with Y-gate as an input signal, displacement of single strand S1 * -M3 * -S2 * -T3 * (Fig. 4b ). At this time, if any single-stranded signal input to the Y-gate exists, a strand displacement reaction will occur. The identification field S1-S2 of the Y gate will be completely exposed ( Fig. 4c ). At this point, the fluorescently labeled DNA duplex undergoes a displacement reaction with the recognition domain S1-S2, releasing an output signal with a fluorescent label (Fig. 4d ). It indicates that the logic circuit has a signal output. If the X-gate identification field is not fully exposed, it will not be used as an input signal for the next-level Y-gate. At this time, only the remaining two single-strand signals are simultaneously given to the Y gate, and the logic circuit will have a signal output.
III. DESIGN OF COMPLEX LOGIC CIRCUIT A. DIGITAL LOGIC CIRCUIT
Based on the logical relationship between the input signal and the output signal, a logic circuit of a double-layer logic gate is constructed (Fig. 5 ). The truth table of digital logic circuit have been added to the supplementary document. The logic circuit generally consists of three basic logic operations: AND, OR, and NOT. Logical operations have two states, ''0'' or ''1''. The value is ''1'' when there are input or output signals, and is ''0'' when there are no input or output signals.
Since Y1Y2 is the same single-strand signal, it is represented by an input signal A in the circuit. The same X1X2 is represented by an input signal B. The remaining three different single-strand signals X3, X4, and Y3 are represented by C, D, and E, respectively. Z1, Z2, Z3, and Z4 represent four calculation modes: The calculation modes of Z1, Z2, Z3, and Z4 are X3 · X4 · Y3, X3 · X4 + Y3, (X3 + X4) · Y3 and X3 + X4 + Y3, respectively.
B. DUAL-RAIL LOGIC CIRCUIT
In biochemical logic circuits, the input and output signals are determined by a certain threshold. It is not an absolute logic ''0'' or a logic ''1'', which sometimes results in an erroneous output signal. In order to eliminate this error, a method of converting a monorail logic circuit into a dual-rail logic circuit is adopting. A dual-rail logic circuit is to represent an input and output signal with ''true'' and ''false''. Taking A as an example, A0 means ''false'' and A1 means ''true''. In a dual-rail logic circuit, when there is a signal input A1 indicating a logic ''ON'' in the dual-rail logic, A0 indicates a logic ''OFF'' in the dual-track logic. When there is no signal inputs, A1 represents the logic ''OFF'' in the dual-rail logic, and A0 represents the logic ''ON'' in the dual-rail logic. In a dual-rail circuit conversion, the ''AND'', ''OR'', and ''NOT'' logic gates of a single rail are represented by a combination of VOLUME 8, 2020 a pair of AND and OR logic gates of a dual-rail. Then a dualrail logic circuit is constructed according to the principle of the dual-rail logic expression.
C. SEESAW CASCADE LOGIC CIRCUIT
The biochemical logic circuit uses a seesaw circuit as a basic component of the molecular logic unit. In the circuit, the DNA logic gate is represented by a circular node, and the wiring on the node represents a DNA signal. The seesaw circuit applied to the biochemical reaction logic gate mainly includes the following four gates: an amplification gate, an integrated gate, a threshold gate and a report gate. The function of the amplification gate is used to obtain multiple output signals. These output signals have the following characteristics: when a column is used as a demarcation point, the output signal contains the same left side recognition area and a different right side identification area. The reason is that the output signal is generated by the threshold selection of the same gate complex and needs to be applied to different low level gate complexes. To facilitate adequate release of the output signal, the initial concentration of fuel is typically set to twice the total concentration of a given output signal. The function of the integrated door is opposite to that of the magnifying door. It can receive multiple input signals and integrate them into one output signal after the reaction. The function of the threshold gate is that it can filter the input signal by the magnitude of the concentration. If the total concentration of the input signal is greater than the threshold concentration, an output signal can be generated. Otherwise, the output signal is 0. In this paper, according to the theoretical design requirements of the experiment. Normally, the threshold values of AND and OR logic gates are 1.2 and 0.6respectively. The main function of the report expression door is to facilitate observation of experimental results. When an output signal is produced, the expression gate will produce a fluorescent signal for observation and analysis.
IV. SIMULATION WITH VISUAL DSD
Visual DSD is a software designed for DNA strand displacement. It is based on the programming language of DNA circuits and contains a series of basic factors such as sequence field, toe and branch migration. The interface consists of a setup section, an encoding section and a display section. In the setup section, set the simulation conditions, conditional results, and molecular model visual effects. In the coding part, it is usually used to design DNA molecular structures by compiling programs. The simulation part is observed and debugged by setting parameters. In the simulation of Visual DSD, the abscissa indicates the reaction time and the ordinate indicates the reaction concentration. The output signal concentration OFF threshold is set to ''0.2x'' and the corresponding ON threshold is set to ''0.8x''. Four colors in the figure represent four computing models, and the solid line indicates that the ''true'' dotted line indicates ''false''. Then the simulation is done by changing the inputs within the simulation codes. The design framework and simulation code of entire circuit have been added to the supplementary document. Fig. 8(a) -(h) are the eight output simulation results for the other input signal combinations 000-111 when both logic gate control ports are 00. When the input of the control port is 00, the AND function is realized, and the calculation mode is X3 · X4 · Y3. Therefore, there will be an output when the three inputs are 111. Fig. 9 (a) -(h) are the eight output simulation results when the Y logic gate control port is 00 and the X logic gate control port is 01 or 10 or 11 other input signal combinations 000-111. When the input of the control port is 00, the ''AND'' function is realized. When inputting 01 or 10 or 11, the ''OR'' function is realized, and the calculation mode is (X3 + X4) · Y3. There will be an output when the three inputs are 011, 101, and 111. Fig. 10 (a) -(h) are the eight output simulation results when the Y logic gate control port is 01 or 10 or 11, and the X logic gate control port is 00 other input signal combinations 000-111. When the input of the control port is 00, the AND function is realized. When inputting 01 or 10 or 11, the OR function is realized, and the calculation mode was X3 · X4 + Y3. There are outputs when the three inputs are 001, 011, 101, 110, and 111. Fig. 11 (a) -(h) are the eight output simulation results when the two logic gates are both 01 or 10 or 11, and the other input signals are combined with 000-111. Based on the logic circuit design principle. When the control port inputs 01 or 10 or 11, the ''or'' function was implemented, and the calculation mode was X3 + X4 + Y3. There are outputs when the three inputs are 001, 010, 011,100,101, 110, and 111. Simulation results when Y control port is 00 and X control port is 01 or 10 or 11. VOLUME 8, 2020 FIGURE 11. The simulation results when the control ports are all 01 or 10 or 11. VOLUME 8, 2020
V. CONCLUSION
In this paper, we realized the majority gate reaction based on DNA strand displacement by simulation design. The four-input logic gate is a multi-functional logic gate that can be switched between OR and AND gates. By connecting two four-input majority gates in series, we implemented a multi-function circuit with four different calculation modes depending on the application. Here we provided a new way to design complex logic gates, which can be used as a reference for the design of efficient DNA computing circuits in the future.
